The various phases in Sm 1−x Eu x B 6 are investigated based on magnetic susceptibility, resistivity, and Hall effect measurements. The end compounds are a Kondo insulator (SmB 6 ) and a polaronic ferromagnet (EuB 6 ). For x ≈ 0.2, the ground state undergoes a transition from a Kondo insulator to an antiferromagnetic (AF) insulator phase. Further doping induces a transition to an AF metal at x ≈ 0.4. The spin gap is reduced rapidly with the Eu substitution, while there is a charge gap up to x ≈ 0.4. The Hall effect indicates a dramatic decrease in the carrier density at low temperatures (T ) for the Kondo insulator regime, whereas, the carrier density is almost independent of T in the AF metallic phase.
I. INTRODUCTION
The intriguing physical properties of the Kondo insulator SmB 6 and the magnetic-polaron-induced ferromagnetic (FM) phase of EuB 6 have been the topics of numerous papers. The compound Sm 1−x Eu x B 6 forms for all values of x and is expected to have a rich phase diagram due to the sensitivity of SmB 6 to pressure 1, 2 and the interplay of FM and antiferromagnetic (AF) correlations. In this paper, we show that, with increasing x, the ground state of Sm 1−x Eu x B 6 undergoes a sequence of phase transitions from Kondo insulator to AF insulator to AF metal and finally to the polaron-driven FM state.
SmB 6 is a Kondo insulator with a small gap originating from the hybridization between a narrow f band and broad conduction bands. At ambient pressure, SmB 6 is a homogenously mixed valence material of valence ∼2.7 with a ratio of the 4f 6 to 4f 5 5d configurations of about 3:7.
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The indirect gap of SmB 6 , determined from the resistivity, is approximately 54 K. 2 There is evidence for intrinsic in-gap bound states from the T dependence of the optical transmission and reflectivity through films, 6, 7 Raman scattering, 8 neutronscattering experiments, 9 ,10 low-T specific heat, 11 and NMR. 12 The in-gap magnetic states have been attributed to magnetic excitations due to AF correlations 13, 14 and could be a signal that SmB 6 is close to an AF instability. 15 On the other hand, EuB 6 is a semimetal at high T undergoing a two-step transition at T c1 ≈ 15.3 K and T c2 ≈ 12.6 K. [16] [17] [18] The magnetic transition at T c1 is accompanied by a dramatic reduction in the resistivity and is attributed to the formation of a percolative network of magnetic polarons with the concomitant transition from semimetal to metal. The magnetic polarons, i.e., the spins of the carriers polarize the spins of the surrounding Eu 2+ ions, 19, 20 form in the paramagnetic phase, and grow in size as T is lowered and the field H is increased, giving rise to electronic and magnetic phase separations above T c2. [16] [17] [18] A homogeneous FM phase is only established below T c2 .
The Sm valence is sensitive to pressure and doping. As a function of pressure, SmB 6 undergoes a first-order phase transition to a magnetically ordered metallic state with features of the 4f 5 5d configuration at a critical pressure p c ≈ 6 GPa.
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A La 3+ substitution for Sm causes a decrease in the Sm valence, whereas, a Yb 2+ substitution increases the Sm valence. 21 Although Kondo insulators are close to an AF phase transition, these La and Yb substitutions do not give rise to an AF phase nor does a small amount of magnetic doping, such as Eu and Gd. 22 However, 5% Sm doping in EuB 6 has been reported to suppress the FM metallic phase and to cause an AF metallic phase. 23 Thus, in view of the competition of FM and AF correlations and the nonmagnetic insulator and FM metallic ground states of the end-point compounds SmB 6 and EuB 6 , the Sm 1−x Eu x B 6 system is expected to probe, as a function of x, various magnetic phases and an insulator-to-metal transition.
II. EXPERIMENTAL
Single crystals of Sm 1−x Eu x B 6 were grown by an aluminum flux method described in Ref. 24 . Powder x-ray diffraction patterns obtained with a Rigaku x-ray diffractometer show that all Sm 1−x Eu x B 6 crystals have a single phase cubic structure with space group P m3m. The magnetic properties were measured along the cubic axis in a commercial superconducting quantum-interference device magnetometer. The resistivity was obtained with a standard four-probe technique, and the Hall coefficient was measured by a Quantum Design physical properties measurement system with the current along the 100 direction. In order to remove the longitudinal magnetoresistance in Hall measurements, opposite field measurements also were performed at the same T . Figure 1 shows the phase diagram of Sm 1−x Eu x B 6 obtained from magnetic, transport, and Hall measurements. For x < 0.4, the solid diamonds represent the transport (or charge) gaps from the T dependence of the electrical resistivity ρ (T ) as discussed below. The AF transition temperature, T N is determined by the maximum T of dχ/dT , which is symbolized by the solid circles in Fig. 1 At intermediate T , χ (T ) displays a hump at ∼55-60 K [see the inset of Fig. 2(a) ], which also is characteristic of Kondo insulators and is determined by the spin gap, i.e., the indirect hybridization gap. At low T , the susceptibility of SmB 6 is the superposition of the Curie law of the in-gap states, a T -independent Van Vleck contribution and an Arrhenius law for the activation across the hybridization gap. It is difficult to separate these three contributions, and this hinders the data analysis to extract the spin gap s . In the T range between 40 and 150 K, on the other hand, χ (T ) is of the form
III. RESULTS
A fit of the data to this expression is shown in Fig. 3(a) by the solid curve and yields s ∼ 58 K, which is consistent with the spin gap obtained in Refs. 12 and 25 where gaps in the range of 55-65 K were obtained. The activation gap explains the hump at ∼55 K in the data. The quality of the fit is limited in the range of 40-50 K by the intrinsic in-gap states and, at higher temperatures, by the closing of the gap (Kondo-like many-body effects are weakened with T ).
χ (T ) for x = 0.1 just displays paramagnetic behavior up to 300 K without the expected hump. The effective Curie constant T χ as a function of T is displayed in Fig. 3(b) . It is seen that T χ is reduced by more than a factor of 2 when the temperature is lowered from 60 to 2 K. A possible explanation of this temperature dependence is a reminiscent Kondo spin gap, which is very difficult to determine quantitatively because of the intrinsic in-gap bound states, and the large magnetic 115125-2 moments of the Eu 2+ ions tend to close the spin gap. 26 In any case, if this feature is due to a spin gap, this gap would be rather small, possibly on the order of a few degrees, suggesting that s of SmB 6 is fragile against Eu substitution. Interestingly, further doping with Eu introduces a kink at ∼8 K for x = 0.2 and a clear downturn at ∼13 K for x = 0.25 indicating that sufficient Eu doping causes a transition to an AF state. Indeed, as shown in Fig. 2(b) , further Eu doping displays a clear AF transition for 0.25 < x 0.95. Note that no significant deviation was observed between zero-field cooling and field cooling measurements (not shown here), which is an indication that the transition is of second order and not of the spin-glass type. In contrast to the AF transition, x = 1.0 displays a ferromagnetic transition as shown in the inset of Fig. 2(b) . The AF-to-ferromagnetic transition is discussed in Ref. 23 . It is interesting to point out that no indication of an AF state was found for the x = 0.15 and x = 0.1 samples down to 2 K, suggesting that the onset of AF is quite abrupt around or above x = 0.15. The disappearance of the AF order is due to the dilution of the Eu 2+ moments and possibly as well due to the competition of AF with the reminiscent Kondo insulator gap.
The effective moment for x 1 is obtained by fitting the high-T region (T > 100 K) of the susceptibility with a CurieWeiss law and is displayed in the inset of Fig. 1 . The effective moment jumps in the vicinity of the AF transition, which could be associated with a change in valence of the Sm ions. As expected, the effective moment for 0.5 x 1 increases monotonically with the Eu concentration.
The T dependence of the resistivity for x 0.3 is shown in Fig. 4(a) . For x = 0.2, although χ (T ) has a kink at ∼8 K, ρ (T ) behaves like a normal insulator at all T . For x = 0.3, the T dependence of the resistivity is insulatorlike but tends to saturate below the Néel temperature. This phase then corresponds to a (mostly gapless) Kondo insulator. Further Eu doping gives rise to an insulator-metal transition, shown in the inset of Fig. 4(a) . The resistivity for 0.4 x 0.8 displays metal-like T dependence and an accompanying drop near the AF phase transition. If we extrapolate the transport gap to its zero value concentration, we obtain x MI ∼ 0.4 for the insulator-metal transition.
The transport gap t is determined from the thermal activation law,
and is obtained by fitting ln ρ (T ) vs 1/T for 20 K < T < 50 K as shown in Fig. 4 . For x = 0, we have t ∼ 55 K in reasonable agreement with previous papers. 27 Note that, for a pure Kondo insulator, the spin and charge gaps are expected to be equal, showing that our analysis is consistent. As a function of x, t displays a peak at x = 0.1, and then, the transport gap decreases with increasing x and vanishes around x = 0.4. This is consistent with the hard photoemission spectroscopy data from Ref. 28 , which show that the gap for x = 0.15 is only a little smaller than for x = 0, and for x = 0.5, there is no trace of a Kondo peak.
Note that, for SmB 6 , like for other Kondo insulators, the spin and transport gaps have almost the same value since their common origin is the hybridization of the bands. However, t with x probably arises from the mobility edges due to disorder scattering in the conduction and valence bands, i.e., t represents the mobility gap rather than the band gap. For 0.2 < x < 0.4, there still is a transport gap, although the spin gap already is closed. In this concentration range, the Eu substitution gives rise to an AF insulating phase. Attempted fits of the resistivity to the variable range hopping expression were not successful.
For a Kondo insulator, such as SmB 6 , the number of carriers should increase with T due to the thermal activation across the gap. This can be verified by extracting the Hall coefficient (R H ) at different T 's as shown in the inset Fig. 5(a) . R H of SmB 6 , plotted as a function of 1/T , shows two intervals of the activation behavior, 5 K < T < 15 K and T > 15 K, which is consistent with previous Hall resistance measurements. 2, 4, 27 The slope of ρ H for SmB 6 increases rapidly with decreasing T , suggestive of a drastic reduction in the carriers [see the inset of Fig. 5(a) ]. Since the valence and conduction bands contribute with carriers, a two-band model is necessary to qualitatively interpret these results. Within the relaxation time approximation and assuming that there are as many electrons as holes, the negative slopes imply that τ e /m e > τ h /m h so that the electrons in the conduction band are the dominant carriers at low T . Neglecting the contribution of the holes, the T dependence of the electron density (n e ) can be obtained using the simple single-band model and is shown in Fig. 5(b) . For SmB 6 , the carrier density at 5 K is ∼1 × 10 17 /cm 3 , which is consistent with previous measurements, 2 i.e., about 1 × 10 4 times smaller than that at 50 K. For x = 0.1 and 0.2, on the other hand, the carrier density at 5 K is about 100 times smaller than that at 50 K. This is consistent with the Kondo insulator picture when the gap is filled with impurity states. 26 However, further doping shows that n e is independent of T , indicating that the system is no longer a Kondo insulator for x > 0.2.
IV. DISCUSSION
At first glance, it is surprising that, for SmB 6 , the gap obtained from R H is so much larger than the transport gap t . This is, however, consistent with the results reported in Ref. 27 for the same compound. Assuming a compensated semiconductor, i.e., as many electrons as holes, the ratio R H /ρ = μ h − μ e , i.e., the difference in the mobilities of holes and electrons has to have an exponential T dependence rather than the usually expected power law of T . This is indicative of a mobility edge playing a role even for x = 0.
The bulk-sensitive hard x-ray photoelectron spectroscopy for Sm 1−x Eu x B 6 suggests that an increase in the Eu concentration decreases the strength of the hybridization and, hence, increases the Sm valence. 29 When the conduction band weakly hybridizes with highly correlated electronic states, two different but related interactions may occur: 30 If the system is metallic, the interaction is of the Ruderman-Kittel-KasuyaYosida type and is oscillatory with distance, whereas, in an insulator, the interaction is related to the AF superexchange and falls off exponentially with distance. The relation between these mechanisms can be understood by considering the k F of an insulator as an imaginary quantity so that the cos(2k F R) oscillations become an exponentially falloff with R. In SmB 6 , due to the intermediate valence, the hybridization between localized f electrons and conduction electrons is strong, and hence, the ground state is nonmagnetic. However, Eu doping weakens the hybridization and, thus, the magnetically active ions, Sm and Eu ions, can interact with each other. On the insulator side, these interactions will be AF and will give rise to an AF insulator at x ≈ 0.2 in Sm 1−x Eu x B 6 . With increasing x, the charge gap is closed, yielding a metallic state. Due to strong disorder, the interaction is still short ranged and predominantly AF. Only when the system is close to EuB 6 (x ≈ 1.0), FM polarons can form and eventually can percolate to a FM ground state. [16] [17] [18] It is interesting to compare Sm 1−x Eu x B 6 to Ca 1−x Eu x B 6 . Both SmB 6 and CaB 6 are nonmagnetic insulators, but CaB 6 is a large-gap insulator without the complications of a Kondo insulator. For small x, due to the broken translational invariance, the Eu ions in Ca 1−x Eu x B 6 give rise to bound states in the gap. 26 With increasing x, these bound states overlap and eventually percolate giving rise to metallic behavior at low T for x > 15%. 31, 32 Magnetic polarons start to form, and at x ≈ 0.3, Ca 1−x Eu x B 6 becomes a FM metal. 31, 32 Phase separation between Ca-rich and Eu-rich regions has been found around x ≈ 0.3 by electron microscopy (Ref. 31 ) and via electron spin resonance for smaller x. 32 In Sm 1−x Eu x B 6 , the small gap and the hybridization favor an AF interaction between magnetic ions, leading to an AF insulating phase at x ≈ 0.2. Each Eu ion introduces a bound state into the gap of the Kondo insulator. The metal-insulator transition in Sm 1−x Eu x B 6 could then be interpreted as a percolation of bound states similar to Ca 1−x Eu x B 6 .
To summarize, we investigated Eu-doping effects in SmB 6 based on the magnetic susceptibility, resistivity, and Hall effect measurements. Since Eu doping reduces the strength of the hybridization between a narrow f band and broad conduction bands, an AF superexchange interaction appears between magnetically active ions, causing a transition from a Kondo insulator to an AF insulator at x ≈ 0.2. With further Eu doping, the percolation into a metallic state is reached at x ≈ 0.4. Finally, for Eu-rich samples, a transition from the AF metal to a FM metal is observed at x ≈ 0.95. For x > 0.95, magnetic polarons can form and can percolate to yield a FM phase. 
